This laboratory has been concerned for a number of years with the study of fowlpox virus (FP). Previous investigations have been concerned with the fine structure and development of the virus in infected tissues (Arhelger et al., 1962; Arhelger and Randall, 1964 chick scalp. This strain of virus, the method of infecting chick scalp, the isolation and purification of viral inclusions, and the subsequent preparation of highly purified virus from sonic-treated inclusions have been described (Randall, Gafford, and Darlington, 1962) . The virus particles isolated by these techniques were morphologically homogeneous as judged by electron microscopy, as will be described.
This laboratory has been concerned for a number of years with the study of fowlpox virus (FP) . Previous investigations have been concerned with the fine structure and development of the virus in infected tissues (Arhelger et al., 1962;  Arhelger and Randall, 1964) .
In the present report, the fine structur e of isolated virus was analyzed by a variety of electron microscopy techniques, and similarities to other poxviruses ar-e pointed out. In other instances, new information concerning the aichitecture of FP is elucidated, including the exposure of deoxyribonucleic acid (DNA) by detergent extraction methods. The present work was reported in preliminary form by Hyde, Gafford, and Randall (1964) .
MATERIALS AND METHODS
Virus and purification from inclusions. Most of this study was conducted with FP derived from I Predoctoral trainee (AI-69), National Institute of Allergy and Infectious Diseases, U.S. Public Health Service. chick scalp. This strain of virus, the method of infecting chick scalp, the isolation and purification of viral inclusions, and the subsequent preparation of highly purified virus from sonic-treated inclusions have been described (Randall, Gafford, and Darlington, 1962) . The virus particles isolated by these techniques were morphologically homogeneous as judged by electron microscopy, as will be described.
The virus strain was easily adapted to chick embryo monolayTer cultures, and virus from this source will be referred to where appropriate.
Pseudoreplicas and staining techniques. AVirus suspensions were prepared for electron microscopy according to the pseudoreplica technique of Sharp (1960) . Briefly, 2% agar was dissolved in 0.9%c saline and poured into petri dishes to a depth of approximately 4 mm. Squares (1 cm) were cut from the solidified agar and placed on microscope slides near one end. The surface of an agar square was then coated with a drop of the virus suspension and allowed to dry. The agar was flooded with purified 1% collodion in amyl acetate and drained on bibulous paper until dry, and the edges of the agar were carefully trimmed with a razor blade to free the adherent collodion from the 1557 3I3I8 1)1YJ, GAFFORD, ANI) RAN 1)ALL slide. This procedure left the agar square with its upper surface coated with the virus suspension, covered with a very thin layer of collodion. Staining solutions of 0.5 or 0.007%'; uranyl acetate (UA) and 0.5(X/0 potassium )phosphotungstate (PTA) at pH 7 were placed in separate petri dishes, and the collodion membranes with adhering virus particles were floated off the agar Onto these solutions, as described by Smith and( ]Melnick (1962) aind Rhim, Smith, and 'Melnick (1961) . Nickel specimen grids (200 mesh) were dropped onto the floating films, and the specimiienis were picked up on brass pegs, drained by touchinlg one e(dge to bibullous paper, allowed to dry, and examinled in either an RCA model E`MU-i-3F or EMU-.3G electron microscope.
Fixation of vi4rus an(d pr'epar)ation of thin sections.
Suspensions of purified virus were fixed for 30 mIi at 4 C in 1% buffered osmiumii tetroxide (Palade, 1952) , and then centrifuged for 30 aniin at approximately 10,000 X g. The supernatant fluid was discarded, and the virus pellet was embedded in two drops of 3%/, agar at 50 C and cooled quickly in an ice bath. The agar button was remioved from the centrifuge tube, cut into 1-nmm sections, rapidly dehydrated in graded alcohols, and einibedded in ElPON-812 (Luft, 1961 Surface strutture studied with neutral PTA and purified virus. Figure 1 shows virus stained with 0.5%', PTA at pH 7. It is evident that PTA has lpenetrated the yirUXs particles to some extent, rendering them-relatively electron dense.
A lperil)heral cap)sularlike structure is consl)icuous, althoug,h external surface structure is not. T'he general appearance (without thread structure) is similar to the type 2 form of vaccinia Vii'Us (Nagington and Homne, 1962 ). This type of particle was referred to by Dales (1962) , on imorphological grounds, as damaged or empty. Similar-forms were termed "1<" by Noyes (1962a, b) and "C" by Westwrood et al. (1964 Figur(e 2 also demonstrates the tendencv of the surface layers to coalesce.
Suspensions which had beeni stored for several weeks or imiore r equired sonic treatment (prior to use) for 30 sec in a 50-w, 9-ke Raytheon sonic oscillator to obtain sufficient dispersion for electron microscopy. The appearance of these plarticles was the same whether freshly isolated or stored and sonically treated, excelpt that in older l)rel)arations free strands of viral material wrere observed. l'robablv as the mesult of efforts to disperse the virus, stiands became increasingly noticeal)le in the form of "rolpe-like" structures with virtus particles attached at various points ( Fig. 3A an(d B) . Figure 3C shows a portion of the "frayed" end of one of these "ropes."
T'he subunits within a strand mneasure the same as the knobs on the intact virus ( Fig. 2 and 3 Fig. 5 , an outer layer appears to be unwinding from the virus particle; other particles are in various stages of disintegration.
Three distinct, darkly staining strands are present in the central portion of this outer coat, and one hairlike strand (marked with arrow) extends beyond the free end of the "unpeeling" coat. The knobby appearance (Fig. 2) was not seen after trypsin treatment.
Internal structure studied with negative staining at alkaline pH. Negative stains at neutral pH have been described, and PTA stains made at an acid pH were unsatisfactory. A study of virus negatively stained at various alkaline pH levels was suggested by the work of Peters and Muller (1963) and Peters, Muller, and Buttner (1964) , who demonstrated that the nueleoids of vaceinia and milker's nodule virus (paravaceinia) were both com)osed of a triad of large oblong units.
Pseudoreplicas of FP were stained with 0.5% PTA at pH 8.0, 9.0, 10.0, 10.5, and 11.0. Penetration of fowlpox particles by the stain was observed at pH 8 and appeared to be optimal at pH 9. Values of pH higher than 9 caused distortion of the particles. Figure 6A shows a viral particle stained at pH 10.5 that is extensively )enetrated by PTA and in the process of dissolution with the apparent evulsion of internal material. It is noteworthy that the hollow shell remaining shows only a single membrane layer, and the intact particle (Fig. 61i) exhibits two distinct layers. The thickness of the inner layer appears to be about 200 to 300 A. Occasionally, at pH 9.0 (Fig. 7) , particles were seen with a faintly visible internal stiucture, p)ossibly analogous to the internal triad of vaccinia virus seen by Peters and Muller (1963 (Peters, 1962; Dales, 1963) with outer membranes, lateral bodies, and a biconcave-shaped nucleoid. These were p)ractically identical to images of FP in choroiallantoic membrane (Arhelger and Randall, 1964) . Figures 8 and 9 are thin sections of FP stained with UA and show a detail of intertwining dense strands in the interior of the particles, possibly analogous to the dense filamentous components in the nucleoids of immature and mature forms of vaccinia virus (Dales, 1963) . The nuclear triad, described in thin sections of vaccinia virus by Peters and Muller (1963) and in paravaccinia viruses (Peters et al., 1964 (Randall, Gafford, and Soehner, 1964) . It had been assumed that treatment with SLS caused lysis or dissolution of the virus with liberation of D)NA. To visualize, by use of electron microscopy, strands of J)NA in the process of extraction from viral particles, the following experiment was devised. Pseudoreplicas of SLS-virus mixtures were prepared and stained with 0.5% UTA. Examination of these preparations (Fig. 10) revealed particles with a shape similar to fowlpox virus. The comparatively light staining of these particles attested to the fact that they were altered in some manner, and treated v-ir'us particles were somewhat smaller than untreated ones. The darkly stained nucleoids were composed of uranophilic coiled strands which extended for considerable distances beyond the l)eriphery of virtually every particle observed. T'he strands were frequently seen extending from one lparticle to another (Fig. 11) . Complete nucleoids were not observed outside the particles and, apparently, were not extracted as such.
Effect of nucleases and trypsin on DNA-strands. It appeared reasonable to assume that the strands noted above might be DNAA oI I)NA-protein.
To test this possibility, SLS-virus mixtures on agar were treated with 100 jug/ml of deoxyribonuclease for 15 min at room temperature, and pseudoreplicas were prepared. The filaments were digested by deoxyribonuclease (Fig. 12) ; however, the strands were intact after treatment with deoxyribonuclease buffer, trypsin, and heated or unheated ribonuclease. It is noteworthy that treatment with deoxyribonuclease at 37 C for 30 to 60 min resulted in further digestion of the D)NA within the virus particles.
The network of uranophilic material was obliterated, and most of the particles resembled hollow spheres.
The knobby appearance of the outer layer was not seen in any of the UA-stained SLS-treated prleparations. However, the suggestion of very small subunits showing on the surfaces of the extracted viral particles (Fig. 11) proml)ted the use of neutral PTA. With this plrocedure, the subunits, approximately 40 A in diameter, were somewhat better defined (Fig. 12 ). This inner layer may be analogous to the palisaded layer in vaccinia observed by- Westwood et al. (1964 (Dales, 1962) can be applied to fowlpox virus prepared from inclusions. Fowlpox virus prepared in this laboratory appears to be of good quality, since it is highly infectious, has prominent nucleoids, and contains a fairly constant amount of lipid, protein, and )NA . Furthermore. the physicochemical properties of extracted DNA indicate that it is highly polymerized (Szybalski et al., 1963) . Certainly these particles are not empty. It is probably true, however, that the C forms represent some modification or loss of an external coat, and it is possible that C forms prepared by some method other than that used in this study will not present a knobby itrregular Westwood et al. (1964) have investigated the conversion of M to C forms of vaccinia under a variety of conditions. They concluded that the appearance of the M form was due to exclusion of PTA from the interior of the virus, and that penetration resulted in the C form.
The unwinding of the outer coat of the virus into long strands and the partial uncoating with trypsin lead one to consider the possibility that intracellular virus formation may be completed by the winding of strands, or by the lineai addition of individual subunits around the core.
It is clear that treatment of the virus with SLS releases some of the DNA without completelv destroying the virus structure. Nevertheless, the virus is no longer infectious (Randall and Gafford, unpublished data), confirming the work of Bang, Levy, and Gey (1951a, b (Putnam, 1948) . The results of these experiments indicate the need for further studies of the effects on the nucleoid of various agents which remove the outer coat(s) of the virus.
The failure of negative stains to reveal structural details of the FP nucleoid appears to be related to the penetrating ability of neutral PTA solution. Alkaline PTA (pH 9) penetrates the virus readily and may outline a complex nucleoid structure. The severe damage resulting from exposure to pH values above 9 suggests that findings made with alkaline PTA stains may be artifactual, and that caution should be used in interpreting results.
The most promising means of determining the internal structure of fowlpox is ultrathin sectioning, although the exact interpretation of the dense strands seen in sections in unclear. The evidence indicates that they are nucleoprotein in nature, as the strands are centrally located within the virus, and are strongly uranophilic as is characteristic of DNA. Preliminary experiments with the acetic-alcohol fixative of Peters and Muller (1963) The present studies have demonstrated the complexity of fowlpox virus and the necessity for the use of diverse methods in examining it. Experiments are under way to determine, by electron microscopy and ultrastructural cytochemistry, the nature of the various components of fowlpox virus and the inclusion body.
